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!• INTRODUCTION 


1.1 General - With the maturation of the space shuttle concept 
using a reusable launch vehicle for earth orbital missions, two diver- 
gent modes of operation have been defined. One mode involves the use 
o the shuttle as a logistics vehicle placing free flying experiment 
packages in orbit and replacing, repairing or servicing existing 
packages. In addition it will perform a crucial role as a manned 
experiment base, remaining in earth orbit from 7 to 30 days perform- 
ing various experiments with equipment mounted in the payload bay. 

Current assessments of the experiments proposed for operation 
in low earth orbit in conjunction with a manned vehicle indicate 
that nearly 45 percent of the payloads require pointing accuracy 
greater than that afforded by the orblter capability using the Reac- 
tion Control System (RCS) and 39 percent have requirements exceeding 
the capabilities of the orblter under the direct control of Control 
Moment Gyroscopes (CMGs) . One concept under study to meet these 
higher accuracy pointing requirements is to mount the experiment 
packages to a pallet structure which in turn is attached to th«* or- 
biter through a suspension system which isolates the pallet from the 
disturbances arising in the orblter occurring during periods of in- 
strument operation. 

The study described in this report Involves the definition and 
evaluation of the pallet suspension system, a compatible pallet re- 
tention system and a pallet common module configuration. The latter 
Includes the installation of Control Moment Gyroscopes (CMGs), an 
experiment universal base mount and the definition of experiment 
erection motions and tolerances, 

^ _ ^'2 ^tudy Objectives - The objectives of the study were the 
following: 

a. Selection of a suspension system and definition of the 
isolator that best satisfies the overall mission requirements. 

b. Definition of a retention system that minimizes struc- 
tural modifications to existing pallet designs and that best 
satisfies the overall mission requirements. 

c. Definition of a pallet common module that will be used 
for various missions. 

d. Installation of the CMGs on the pallet common module. 
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e. Development of an approach to install the experiment uni- 
vorsal base mount on the pallet common module and definition 
ot the motions and tolerances of the experiment erection. 

All of the above objectives were met during the course of the study. 

Method of Approach and Prin c ipal Assumptions - The approach 
followed in this study throughout was to make use of state-of-the-art 
technology. A primary consideration In the selection of the suspen- 
slon system and definition of the isolator was the availability of 
^then^tical design data in order to obtain a cost effective system. 

definition of a retention system minimizes structural 
modifications to existing pallet designs. 

The arbiter as defined In mld-1974 along with pallet designs 
o the latter part of 1974 were the configurations used. 

. Suggested Addition al Eff ort - The following additional 

investigations affecting the floated pallet common module are 
suggested: 


^ the instruments and payload experiment combinations 
which are candidates for the floated pallet to determine center 
of mass envelopes as they affect the suspension system. 

b. Investigate the relative motions of the pallet/orbiter 
mounting points as they affect the suspension system and the 
retention system. 




1-2 






' 


2. SUMMARY 


Litf f xr 

common module coSguL°Lr^udyr“°"^®“®‘’“®^°" systems, pallet 


^ '^'’® requirements under which this study was nerformoa = 

shown as block 0 on thA rp. owuuy was periormed are 

fines all tasL and srL^^?! % statement of work de- 
baseline shuttle data particularlv"*^ *^'’® Included 

required for pallef mountl^p ^ information 

eluded mass propertiesrstrLturaraL'’^?‘’"‘J®®*, 


The study was initiated with block 1 t-hA nAiio«- 


j^=fF£- * “T" 

is:s.;;.™s ;;; tLit,r3h'S§€'^'[ 

ment mount and erection study are given ?n section 7 ? 
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Figure 2*1# Logical Flow of the Perfomance of the Study 








3, VEHICLE DESCRIPTION 


uled bv’the orM^“^ the ascent propLlanJe to be 

(SRBs/ The ^in engines, and two SoHd Rocket Boosters 

Thflws «n^ f£“® is shown In figure 3-1. 

thrufffor llf?!off Parallel, providing 

exhauahoa aia Zk **'u, " jettisoned when the fuel Is 

tan^ls Jett?sL'S®''‘‘Af"^hr^“'’°"^ condiuonf^wJeL“t^“extL^ 

(OMS) la^lred T 

:::d^^HT^ 

craft Typlcal%rb“ al“:LsLn%“rd^^^^^^^^^^ ^pt^tlo” TJ 
up to ardaysr""' precluS:"Ll?o„fof'’ 

in thf‘pa yl5^d'blftfieurel ln ' "a” °*^hlter 

LoiaL^rf. ’’lifomter^nrS ‘^«%ibmion 

raWon.^‘^ ihe“orbiter/pallft‘'co^binef 


„„ Isolator suspension point Is assumed to exhibit Hno=- 

compliance, viscous damping and friction al^ng eacr^ls wiJrno 

in taWr3!r‘’^Ill^oe°t the orbiter/pallet configuration are given 
an toertlfi center-of-mass locations are given referenLd to 

tL noaa^ t coordinate system, which has Its origin located at 

tt o"rbU ^J^h rTthe the*locatJ:rof"‘ 

centerline of the P^Stf L^SH^trabr^he ^^e^^:^•a^L^ 

attltu^d^Ll^ trAix^sr' 

achlevl^rand Tl f/?" is capabirof 

racv ^If s“^^'"si“tsining any attitude to a certain degree of accu- 
y* If more accurate pointing Is required for a oartlmlfl-r «-»■ 
periment, then pointing capability must be included ^wi thin ^ the 


Figure 3-1. Space Shuttle Flight System 











Center-of-Mas8 wrt I Coordinate System 
(27.97,0.0027,9.54) meters 

kg-m^ I =-9,491 kg-^2 

^yy=2.400,759 kg-B^ 

1—3,118 kg-m^ 
y* 









llizsd”®"Th payload pallet may be accurately stab- 

ixxzed. The method chosen to increase pointing capability for 

the present study is to control the pointing of the pallet via 
the use of a CMG cluster. 


Mass properties for the orbiter are defined with respect to 
the orbiter center of mass and are given in table 3-2, 


— ^^5 “ ^P®>^i®ent equipment will be mounted on the 
experiments, it is undesirable to allow 
conf^o??’ Therefore, the pallet will be 

wlthln^nn** Cluster which provides pallet pointing to 

MGs^vir^h ®?‘ , ^"®® ®**® “'•’Tter will also be controlled by the 
CMGs via the isolators, the RCS deadband should not be exceeded 
and no firings should occur, c«v.eeuea 


consist of mechanically coupled segments 
attached to the orbiter through the isolators. There will be a 
separate retention system which will support the pallet during 
launch and descent. Once in orbit, the retention system will 
be disengaged and the pallet will float on the Isolators. 


Figure 3-4 is a pictorial diagram of the pallet. 


Mass properties for the pallet are defined in table 3-3 with 
respect to the pallet center of mass. 
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Table 3~2. Orblter Mass Properties 


Mass=*7i,452 kg 


^ Coordinate System 
(28* 24 y 0* 005y 9* 46) meters 


:.„s= 986.497 kg-m^ 

^xys"”®*^^^ kg-m^ 

•yya=7t219,756 kg-m^ 

kg-m 

^.^^=738,652 kg-m^ 



Table 3~3 • Pallet Mass Properties 
Mass*10,974 kg 


Center-of-Mass wrt I Coordinate System 
(26* 22 f 0* 01 9 10 > 06) meters 

*yp 

^zzp’^35.444 kgV Iyjp-903 kg-m^ 















Z 

P 



Figure 3-4 


Pallet System 



Natural Frequency 0.1 Hz in all axes 

10% of critical 

suspension system shall be compatible with the control sys- 
orthe voluine II. The configuration and location’^ 

within th^ restrict experiment arrangements 

i.i'^ payload volume of the pallet. The suspension sysLm shall 
be stable through the temperature range from -60" C to +70" C without 
a thermal control system. wxcnouc 


^ Isolator Attachment Revlon - The Isolator attachment 

erfnce T ^^8ure 4-1 was derived from reference 2. Ref- 

specifies permissible pallet retention loads In specified 
directions only l.e., Y axis loads at the lower centerlinrf^ir 

of°flairr® iT^^ K (axes 2 

a« «trLel'v^Mvh°”®''®'’ ^ permissible pallet retention loads 
extremely high compared to the anticipated loading through the 
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suspension system. Therefore it Is assumed 

can be mounted ad•^acen^ fn Z a suspension system 

inner surfaces of throrMr»^ T ‘he pallet and the 

assumed tharLf loadt^^ Also It is 

acted by the arbiter in a^y difec^Jon"“®?hesf " 

study puhuii^^ri^er^’'cj;ggg’’g‘g'^^J“tpunslon systet. geomstry 

4.3.4 Single Point Suspension 

4.3.5 Two Point Suspension 

4.3.6 Three Point Suspension 

4.3.7 Four Point Suspension 

slncno'^atlonlL'^cou^^ forthesrir'f "°f 

analyzed to deter^lL if cantilever springs were 

design objective^ configurations could achieve the 

of freeLm. To afhieve tM^ rh! ^ <*®8rees 

motion In any one icls must l.e., 

other five axelT ^r a de^n. ni a “®® ®’“°" ‘iie 

of the suspension system's llSes oracUon*'**th'’°^r T 
must be coincident with the cenLr ®1«®“<= 

Additionally, for a syletrlcal svstfm^rh° *''® ®"®P®"d®d body, 
the distance between lZlarn^= c ^ ”°'^® "‘’®“ isolator, 

to t.,ice the .Llrurof gyration fo%%L^^ 

the mounting geometry are thp-rjaf^** t-u u constraints on 

PK.. ,1. ;"pjs;"":«“"'d'^ ■;"!? >- 

b... u.:<.™S"Es."L’gTS.:r:;j'": .•■"•1?..“ ‘J" 

frequency and degree of aont*oi./.K i*e., 0,1 Hz natural 

quencies!: for eaS LgL^SflreeSr *'®- 

to a spring ^ss^sysie^'*whMe“he'^pSet irt^ been simplified 
mass and the orbits Is th^flved k ‘be suspended rigid 

reasonable for throurposes ff thJ fr d “r* “PProach la 

the weight of the orbiter la much larger^hf^1hrpIJLt“el|St! 


the analyses, Impedance concepts are used to determine the 

centei f system abou? thr^Uet 

C l of “'^^hlonally, since the level of damping'^ls low 

(.1 of critical) the damped natural frequency is very nearly emial 

the aLlyses!® natural frequency and is assumed to be equal in 

Point Suspension 

appiuauL*?*^ Containing the Center of Mass - A direct 

4 'thieve a decoupled suspension system is to place T 

^ point system at the pallet center of mass. As indicated in 
the mass proterties faMo i ‘i *-u xnaicacea in 

oTtJe" experLlt'^:*lL^^%:e"Ln 

^•3,4.2 Single Point Offset Below thfi Paiio** _ v 

L°io“th: p%nSt„"teror“‘“ andiL^^"::" 

To T.TTAf ^^^\‘--l-ion ani Y“®ot:tL^modes^S^""■ 

in rocLnl ftranala^" “? * rotation modes. Coupling will result 

the X aL\^Les ^ natural frequencies about 

A ana i axes. The equations of motion are; 


2F 


£M 


£F 


2m 


ZF 


-raw X+CX-L 0 )K *F» 
z y' X X 

-mw^Y+(Y-L 0 )K «0 
z X y 


-mw 2+ZK “0 
z 


ZM 


(D 0 -HC 0 *0 
zz z rz z 


Determinants are used to solve the simultaneous equations for <Ha_ 

whlcr^ke“L’'S“;torre^arto ferr“s^n^“h 


and equations yields; 
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for Z translation and: 



for Z rotation. To simplify the solution of the and M equations, 

divide the equation by and the equation by K^R^,^where 

is the radius of gyration, and substitute result will 

be the rocking natural frequencies expressed as a ratio to the Z 
axis natural frequency 


K K 


\ K r2 »2^ ^ K * ^2 

Vz ^ * K?y 


For a decoupled system K /K -R^ and K =K ; therefore let K /K -R^ 
j . ‘•y y y y x ry x v 

and the equation becomes: 



A design objective is to obtain equal frequencies, therefore the 
equation can be used to obtain when w/o>^*l. The equation will 

also yield a second o). 

The same approach to the solution of the F and M equations 
yields: ^ * 




L^+2R^ 
z X 
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The data are listed In table 4-1, 

the Y and Z axes. A large structure would be required at thp 
of the pallet and thus the design objective of not restrJctlL 
experiment positioning cannot be achieved, ^ 


4.3.5 


T wo Point Suspension Cont a ining the Center of Mass 


4. 3. 5.1 Two Points at the Si des of the Pallet - Thto u 

Is to position the axis of two Isolators In line with the efet ^ 

tT. “hls“sv t^°"f in flsurs 

the isolators .“t Lvr:qSaf;prlng1on:i:n:r:id“^ 

between the isolators for a particular axis must be equal to twice^ 
the radius of gyration for that axis. ’ ^ 

The equations of motion are: 


2F 

X 

2 

~mw X+2K X-F* 

X X 

X 

-I “^0 +2K L^e -I 
XX X z y X 

ZF 

y 

-mo}^+2K y-0 
y 

y 

-I 0)^0 +K 0 =0 
yy y ry y ^ 

Zf 

z 

-mw^Z=2K Z*0 
z 

ZM 

z 

-i^^e^+ac^L^d-o 


Solution of the and equations yields; 




Table 4-1. 


Single Point Suspension Offset Below the Pallet 
Natural Frequencies and Spring Constants 


B 

TRANSLATIONAL 

NATURAL 

FREQUENCY 

Hz 

ROTATIONAL 

NATURAL 

FREQUENCY 

Hz 

AXIAL 

SPRING 

CONSTANT 

N/m 

ROTATIONAL 
spring 
CONSTANT 
N*-m/ rad 


0.10,0.05 

0.10,0.02 

2,296 

1,849 


0.10,0.02 

0.10,0.05 

953 

29,048 


0.10 

0.10 

4,332 

53,471 









for X translation and 




W 


rx 


‘2K L 

-^ ? . y 


L XX 


1/2 


for X rotation. Solution of the and equations yields: 


[2K 

0) 

y m 


1/2 


for Y translation and 


ry , I 
L yy. 

for Y rotation. Solution of the and equations yields: 


0) 


for 2 translation and 


for 2 rotation. 


(0 


T2K 11/2 

2) 

z L m j 

;2K 

- y 


rz i I 


zz J 


1/2 


For equal natural frequencies the requirements of L are eval- 
uated. Using and equations and solve for yields: 


L = 

fi 1 
zz 

jl/2 , 

ri35.444l 

y 

m 


L 10,974 


1/2 


=3.51 m 


Using and equations and solve for yields: 


L = 

y 


igc f21.292l 
. m J ”[10,974j 


1/2 


=1.39 m 




4-10 






Usinj; L^“-2,28 m results in at least two of the natural f re- 

la t ion!? Tl remaining four. Selection of equal trans- 

lational natural frequencies, results in unequal X and Z axes rota- 

tional natural frequencies. Selection of equal rotational natural 
frequencies results in unequal X and Z axes translational natural 

requencies. The data of these two alternate selections are shown 
in table 4-2, 

possible by vatying the spring constants. 
However, it appears more reasonable to configure the system for equal 
rotational natural frequencies or equal translational natural frequen- 

„ .^0 Points At the Ends of the Pallet - This approach 

isolators in line with the center of mass 
and each isolator on the ends of the pallet as shown in figure 4-4. 

The same analysis is used for the end-mounted system as that used 
tor the side-mounted system (section 4, 3. 5.1), 

The equations of motion are; 


ZF 

X 

-mw^X+2K X=F' 

X X 

m 

X 

2 

-I w 0 +K 0 =0 

XX X rx X 

ZF 

y 

-mto^+2K Y«0 
y 

ZM 

y 

yy y z x y 

ZF 

z 

-mo)^Z+2K^Z=*0 

ZM 

z 

-I 0)^0 +2K L^0 =0 
zz z y X z 


Using L^-4.57 m results in at least two of the natural frequen- 

r i^emaining four. In the analysis, the transla- 
tional natural frequencies were made identical and then the rota- 
tional frequencies made identical ; it was not possible to have all 
the frequencies identical. As previously, it was assumed that the 
X axis rotational and translational frequencies could be made equal 
tITLI are independent of the other isolator spring constants. 
The data are shown in table 4-3. As Indicated, very good agreement 
exists between all three axes rotational and translational Ltural 


4-11 










I Table 4-3. Two Point Suspension At the Ends of the Pallet 

^ Natural Frequencies and Spring Constants 

I 



I. 
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frequencies; however, large structure would 
of the pallet and thus the design objective 
periment positioning cannot be achieved. 


be required at both ends 
of not restricting ex- 


4.3.6 


Three Point Su s pension Containing the Center of Mass 


l:l,ruc.^Is;i;L.r7{r/Y/"'l ^ T’""" ‘ Positions 

In ri,-iro 4 s Th ^ • W the center of mass as shown 

K K ^’k whllo two in line isolators each have spring constants 

x’ y’ z single Isolator has spring constants ,K, and 

>’>' axial- deflection of the isolators.* The 
equations of motion are: 



reUWonshlpf:^'’" constant 


I 


( 

i 

i 


X 2 lx*"lz 


-2K L +K, L, -0 
y Z ly Iz 


Solution of the decoupled equations of motion yields: 


(X) 


■^’'x<i-z+hz>1 


mL 


1/2 


for X translation. 


0) 




mL 
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for Y translation. 







1/2 


I' or 'A translation. 


(ji 


rx 


for X rotation. 


for Y rotation and. 


for Z rotation* 


2K (lV, L,)+2K 
y z iz 2 z V 


1/2 


XX 


0) * 
ry 


5^^,L^,)U/2 


0) 


rz 


yy ,f 


2K h^^l/2 

x-.y 


zz , 


Clearly the u)^, oj^^, and equations are dependent upon only 
one spring constant, K^, Therefore equal translational natural fre- 
quencies can be selected and the rotational natural frequencies can 
be determined. The data are listed in table 4-4, As indicated by 
the data, the system is very soft in Y and Z axes rotation, A 

second analysis based on Z axis rotation equal to 0,10 Hz is in- 
cluded. 


3.6.2 mee Points on a Skewed Plane - This approach posi- 
tions three isolators in a skewed plane containing the center of 
mass as show in figure 4-6. The two Inline isolators are parallel 
to the Y axis and each have spring constants K^,K ,K , while the sin- 
gle isolator has spring constants Ld^rotation is resisted 

by axial deflection of the isolators. The equations of motion are; 



ZF 

y 


ZF 

z 


-X».2+x(2K^+K,^).ey(2K^L^-K^L,^)=F^ 
-Vhko^+Y (2Ky+K,y) -9,(-2KyL^+K,yL,^) -9, (2 


)*o 
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Table 4-4. Three Point Suspension on a YZ Plane 

Natural Frequencies and Spring Constants 


TRANSLATIONAL 

NATURAL 

FREQUENCY 

Hz 

ROTATIONAL 

NATURAL 

FREQUENCY 

Hz 

IN LINE ISOLATORS 
AXIAL 

SPRING CONSTANT 
N/in 

SINGLE ISOLATOR 
AXIAL 

SPRING CONSTANT 
N/m 

0.10 

■Bai 

364 

147 

0.10 


364 

147 

0.10 


2,166 

- 

0.17 

0.11 

5,143 

2,075 

0.10 

0.05 

364 

147 

0.10 

0.10 

2,166 

- 
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'’x<"‘xx“^'^^'^,^v+ 2K L^+K, I.? )-0 (2K L L +K, L, L, ) 
^ ^ zy yzlylz zyxzly lx Iz' 


+Y<2K L -K, L, )=0 
y z ly Iz' 


"“y ®y<-V“ ■^'''x"Xx"'1z^2k^l2«^^i.^)-x(2k^l^-k^^l^^) 

+Z(2K^L^-Kj^t,^)-0 

“z ®x(-^zz“'-^2^.''^VKyI-L)-«x(Wz«ly^lxhz) 
-’^(Vx-Vlx>“0 


Partial decoupling of the system can be achieved by the sprinc 
constant relationships; ® 


2K L -K, L, =*0 
X z lx Iz 


2K L -K- L, -.0 
y 2 ly Iz 


2K L -K- L, »0 
2 X Iz lx 


Also to maintain the center of mass in the plane of the Isolators 
the spacing relationships are: 



L +L, 

X lx 

L +L. 

2 Iz 


Determinants are used to solve the simultaneous equations for dis- 
placement and rotation. The natural frequencies are those frequen- 
cies which make the denominator equal to zero. Solution of the F 

and My equations yields: 


0) ” 
X 


2K (L +L. ) 
x^ z Iz'' 


mL 


Iz 


1/2 


for X translation and 
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0) 


ry 


'2L (L +L- )(K L? +K L? 

2 Z 12^ X Iz Z lx 


Iz yy 


for Y rotation. 


Solution of the F and F equations yields: 

/ X 


y 


2K^L^P]1/2 


mL 


Iz 


-I 


for Y translation and 


0) 




mL 


Iz 


for Z translation. 


Since the translational natural frequencies can be made equal 
the axial spring constants will be equal. To simplify the solutio 

of the and M equations, each equation is divided by KR^ where 
2 ^ iL 

is the radius of gyration of the axis and K=K =K =K ; also note 
. . X y z 

that 


K 

m 


U)Jl- 

t Iz 




where is the translational natural frequency. 




2m 




“t (Li^+LJR 


2 


XX 


R‘ 


XX 


L L, 1 
z IXv . 

~r 

XX 


^ 


I-z^-L L L, 

+ ^^)-e (-p£) 

hzKz «zz ■ 


The solution of these equations yields the ratio of the rotational 
to translational natural frequencies as a function of spacing. 
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3 • 12+, 02L^ ^+ (5» 85"" • 08L^^+. 

^ 2 


0004lJ^)^^^]i/2 

J 


When L^^-0 the system Is ir the YZ plane and is the configuration 
of section 4. 3.6.1. is chosen to be 4.0 m which is close to 


cj>e i'.na oi 


t fhe data are listed in table 4-5. As 

lndicate.l by tl.u performance data there is no advantage in skewing 
the suspension plane about the center of mass, ® 


^ ‘ 3 • 7 Four Point Suspension 

Mass Points on a XY Plane Co ntaining the Center of 

ap-oach positions four isolators in I XY plane oon- 

hfs snfi ^^Sure 4-7. Each Isolator 

spring cc .stants K^,K^,K^ and rotation is resist 2d by axial 

deflection of the isolators. The equations of motion are: 


2F 

X 

-3Qmo^-hX[4K ]=F* 

X X 

li. 

y 

-Ym(D^+Y[4KyJ=0 

EF 

z 

-Zmu)^+Zf4K^]=0 

EM 

X 

-0 I U)^+0 (4K L^)=0 
X XX X z y 

Em 

y 

-0 I u)^+0 (4K L^)«0 
y yy y z x' 

EM -0 

z 

l i/+e ( 4 K L^)+0 C 4 K L^)«0 
z zz z y X z X y 

Solution of the equations yields: 


| 4 K Jl/2 
X L m I 

for X translation, 

T 4 K n /2 

0) - 

y L m J 

fo»^' Y translation, 
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Table 4—5. Three Point Suspension on a Skewed Plane 
Natural Frequencies and Spring Constants 


AXIS 


TRANSLATIONAL 

ROTATIONAL 

IN LINE ISOLATORS 

SINGLE ISOLATOR 

NATURAL 

NATURAL 

AXIAL 

AXIAL 

FREQUENCY 

FREQUENCY 

SPRING CONSTANT 

SPRING CONSTANT 

Hz 

Hz 

N/m 

N/m 

0.10 

0.17,0.08 

364 

147 


0.03 

364 

147 


0.17,0.08 

364 

147 
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for Z translation, 


for X rotation. 


Cor Y rotation and. 


for Z rotation. 


z L m _ 


1 

= - y z 

K I 
- XX J 


11/2 


f4L^ 1 
. L-JS-Z 

* I 

*- w J 


2 2 
V OV.T 1 


4l"-K +41. 

y IL: 

: I 


and the^roiLr^^^ translational natural frequencies can be selected 
nd the rotational natural frequencies can be determined. To achieve 
equal frequencies In all axes, the spacing constants L and L are- 

X y 


L ^ [21.292] ^ 

y L la J ■’[10,974] 

L a=fiyy.i^'^^, ri38,839 ] 
^ U m J L 10,974J 


=1.39 m 


=3,56 m 


The 1.39 m spacing would place the Isolators within the pay- 
load experiment section. The L^=3.56 m spacing is compatible with 

naLjaffLqLncy rotational 

[,2 2]l/2 rl 1/2 r -,1/2 

.' ^35,444 

L m 10,974j “ 

This spacing 3,51 m la not compatible with L =1.39 m and L *3.56 m. 
Therefore equal natural frequencies in all a^es cannot be Lhleved. 

Various combinations of spring constants and isolator soaclnc 

tahle"aT combinations are Usted^if ® 

table 4-6. Configuration 1 Is based on equal translational fre- 
quencies and Ly=1.39 m, L^-3.56 m; configuration 2 Is brsed ol\ual 
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Table 4-6. Four Point Suspension Containing the Center of Hass 
Natural Frequencies and Spring Constants 


" 

AXIS 

SPACING 

m 

TRANSLATIONAL 

NATURAL 

FREQUENCY 

Hz 

ROTATIONAL 

NATURAL 

FREQUENCY 

Hz 

— 

AXIAL 

SPRING CONSTANT 
N/m 

X 

3.56 

0.10 

0.10 

1,084 

Y 

1.39 

0.10 

0.10 

1,084 

Z 

0.00 

0.10 

0.11 

1,084 

X 

3.66 

0.10 

0.16 

1,084 

Y 

2.28 

0.10 

0.10 

1^084 

Z 

0.00 

0.10 

0.12 

1,084 

X 

3.66 

0.08 

0.10 

719 

Y 

2.28 

0.08 

0.06 

719 

Z 

0.00 

0.06 

0.10 

404 








translational frequencies and selected Isolator spaclngs; configu- 

j ^ ^ rotational frequencies and 

selected isolator spacing. 


. ^*3.7,2 Four Points on a XY Plane Offset Above the Pal let • 
This approach positions four Isolators in a XY plane offset from 
the center of mass as shown in figure 4-8. This system would 
attach to the pallet and orbiter longerons. Each isolator has 
spring constants K^,K^,K^ and rotation is resisted by axial de- 
flection of the isolators. The equations of motion are: 


j 

i 


£F 

X 

2 

-Xmoj +X4K +0 4K L =F^ 
X y X z X 

SF 

y 

-Ynuo^+-Y4K +0 4K L =0 
y X y 2 

2F 

z 

-ZmO)^+Z4K =0 
z 

SM 

X 


2m 

y 

®y (-^yy“^+'‘K^L2+4K^L2j^X4K^L^=0 

ZM 

z 

®z<^-IzE“^+‘‘KyA4K^L2)=0 


Solution of the F and M equations yields; 

:4K 11/2 


for Z 


translation and, 


O) 

rz 


r4KyL^^4K^L^ 11/2 


for Z rotation. 


To simplify the solution of the remaining equations, each fore 
equation is divided by and each moment equation is divided by 

^z^ii’ radius of gyration of the axis; also note 

that 
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as%°ratlo°L°L ^^7 rocking natural frequencies 

a ratio to the Z axis natural translational frequency. 

C V7’° 

yy yy z ^ z yy z 

For X axis translation coupled with the Y axis rotation and: 

<*. .4 ,^v . ,u ,2 ‘'y 

— =sQ 


,0L) 2 

u) r 2 K ' ^ O V 

2 R K r2 K 

XX XX z ^xx ^ 


For Y axis translation coupled with the X axis rotation. 

Various combinations of spring constants and natural frequen- 

table"-;”" ““•’inatlons are 1^"^^ 

table 4 7. Configuration 1 Is based on Z axis translational fre- 
quency equal to Z axis rotational frequency and K equal to K ; 

configuration 2 Is based on the ratios equal to l^O. ^ 

svste™=^bf, - Natural frequencies of the various suspension 

rnn=f ®*Pressed as functions of geometry and spring 

of I**® design objective for damping is based on 10 percent 

critical damping. Translational critical damping Is: 


C =2mo) 
c 


Rotational critical damping is: 


C =»2l£U 
rc r 

For all the suspension systems analyzed the damping constants are: 

C=.2m(0 


for translation and 


C «.2Iu) 
r r 


damping is a function of natural frequencies 
doping constants are easily defined and will be^speclfie< 
only for the recommended Isolator design. pecirie< 


4-2R 







^•3,9 Isolator Study 

™ .gjAstomerlc Isolators - Stock elastomeric isolators 

^nufactured by Barry Controls and Lord Manufacturing Co. werf 
nvestigated. Stock isolators cannot meet the requirements of 
the suspension systems analyzed. 

The method of sizing an elastomeric Isolator to specific re- 
qu rements involves a trial and error development approach. This 
is due to several performance characteristics of elastomers. 

a. Typical elastomers have nonlinear load vs deflection 
curves. 

b, Hysteretic damping is a function of the compound; damping 
ratios range from 0.05 to 0.15. 

belof sensitive; at low temperatures, 
below -60 C, they become stiff and brittle while at high 
temperatures, +150" C, they become soft. 

d. The shape of the isolator can be varied to achieve various 
performances; tension, compression, shear and rotational load- 
ing each require different approaches to the shape. 

Elastomeric isolators specifically designed for any of the sus- 
damnlna nonlinear spring constants aid hysteretic 

foraanfe. control system would be required for stable per- 

Wire Rope Helical Springs - Stock wire rope helical 
llliT “ock'snrr'" Laboratories, Inc. were Invest?- 

systL a;a!ysed! requirements of the suspension 

and ® helical spring involves a trial 

pjL th! approach. This is due to limited desl^ data 

p s the following performance characteristics of stock sprigs. 

a. Stock springs have nonlinear load vs deflection curves. 

compressiou roll loading of stock 
springs have hysteresis response. 

S;mp“g?‘' 20 percent, friction 
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wire rope helical springs specifically designed for any of the 

high frlctlord^ol''°“^^!!^''®e"°"^^“®®' hysteresis responses plus 
nxgh trlctlon damping. Therefore the use of wire rope helical 

springs is not recommended for this application. 


factur J'hv Springs - Solid wire springs are manu- 

factured by many spring companies and can be sized to specific 

^!th^ rr f'n approach to sizing these springs is Lsed on 
mathematical data with several performance characteristics 


a. Various configurations have linear spring constants. 


to..."?.” 


fLtni=®®^ ifu springs will have friction damping 

factors as high as 20 percent. ° 


springs are insensitive to the temperature 

X^aUgc 4 


specifically designed for any of the sus- 
pension systems would have linear spring instants but Larly 

wouJd rreqiirel”'^"""™" <i»pers 


dampers similar to those used in stock solid wire 
spring isolators could be developed. 


dampers based on a conductor in a magnetic 

wn feasible. However, the presence of magnetic fields 

would require shielding. .uaguecio iierus 


Viscous dampers based on fluld/gas flow would require a 
closed system due to the vacuum environment. ’ 


applications. The approach to sizing a cas KoI 4 1 -j 

on mathematical data using several pLL^nce p^a^eier" 


Spring constants are linear. 


orifice?°“^ damping is based on gas flow through a circular 


c. Metal bellows are insensitive 


to the temperature 


range. 


bellows Specifically designed for either the 
three point or four point suspension systems would have linear 
spring constants plus viscous damping* 


^•3»10 System/ Isolator Selection 


4,3.10.1 Performance - The performance characteristics of the 

selectlornf^h^®”® isolators are summarized In table 4-8. The 
h!:! TU ^ suspension system and Isolator Is based on this 

systems which restrict experiment placement are rejected. 
^r^jectL!"^ evident advantages to systems with coupling they 

The decoupled three point suspension is soft for Y axis rota- 
tion because of the location of the two inline Isolators. Ilnce 

be rejected ° i®°lators cannot be Improved this system can 


The two point suspension at the sides of the pallet has rea- 
sonable performance. However, the Isolator configuration is ques- 

naref torsional spring constants required c^! 

pared to the soft linear spring constants required. Of the iso- 

llkell V the elastomeric isolator would be the most 

likely to achieve the desired performance. Since elastomer per- 
formance varies with temperature, a thermal control would be 


A suspension has reasonable performance. 

^ bellows can be configured to achieve the translational 
'^squired. By combining three bellows at right angles an 
damping to achieve the required isolation and 

utilizln»''f°'^®f??f decoupled four point suspension 

utilizing gas filled bellows Is recommended. 

Point Susp ension Using Gas Filled Bellows 

in w7i r \r°i^^ Suspension - The suspension system as shown 

cLstfn^ iiLri J frequencies and spring 

‘“'’I® «-6- As defined in sectL^.I.’s tSe 
critical damping equations are: 


C ■2mo) 
c 


for translation and 
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SINGLE POIN T SUSPENSION 

^.3.4.1 Containt nn the Center of Maam 
•Decoupled Neturel Fred^^ticies 
•Trenaletlonal «nd Rotational Sciffneaa 
required for Three Axes of the Isolator 



•Restricta Experiment Placement from the 
Central Portion of the PaplorJ VoliaM 


I 4»3.4.2 O ffset Below the Pellet- 
•Counling: X Vranalacion and Y Rotation 
•toopling: Y Translation and X Rotation 
•Translational and Rotational Sciffneaa 
Required for Three Axes of the Isolator 


4^_-4.3 Offset at the E nd of the Pel l.e 
•Coupling: y Translation and z Rotetlm 
•Coupling: z Translation and Y loteflon 
•Translational and Rocactonal SClffnasa 
Required fcr Three Axes of the Isolator 



•Restricts Experiment Placement frsa 
(R\e Bne of the Pellet 


Table 4-8. SuMnary - Performance Characteristics of the 
Suspension Systems and Isolators 


TWO POINT SUSPENSION 

4.3.5. 1 At the Sides of the Pellet 
e Decoupled Natural Frequencies 
elranslational Stiffness required for 
Three Axes end Rotational Stiffness 
required for One Axis of the TWo 
Isolators. 


4. 3. 5. 2 At t he End of the Pallet- 
a Decoupled Natural Frequencies 
e Translational Stiffness required for 
Three Axes and Rotational Stiffness 
required for One Axis of the Ttoo 
Isolators 


sRestricts Experiment Plaei 
Both Ends of the Pallet 


three point S USPENSION 

4.3.6. 1 On a Y2 Plane 
sDecoupled Natural Frequencies 
*Trenalatlonel Stiffness required for 
Three Axes of the TVo Inline Isolecore 




FOUR POINT SUSP ENSION 

^.3.7.1 Containing the Center of vm .. 

eDecoupled Natural Frequencies 

•Trenslatlonal Stiffness required for 
Three Axes of the Four Isolators. 


■ Trenslettonel Stiffness req.ilred for 
TVo Axes of the Third leolacors 






•Low Natural Prs^’uency for 
Y Axis Rotation 


6^3. 6. 2 fti a Skewed Plsne 
aCoupllng: X Rocaclon and Z Rotation 
e Trans 1st tonal Stiffness required for 
Three Axes of the Three leolators 


4.3. 7. 2 Offset Above the Pellet 
•Coupling; X Translation and Y Rotation 
•Coupling: Y Translation and X Rotation 
•Translational Stiffness required for 
Three Axes of the Four Isolatore 






•Low Natural Frequency for 
Y Axis Rocstloo 


4.3.9. 1 Elastomeric Isolator 
•Non Linear Load Versus Deflection 
•Kystaratlc Damping 5Z to 151 
• Performance varies with Tenqteratura 
Requiring Thermal Control 


4. 3. 9. 2 Hire Ro pa Hallcal Sorlne 

• Hon Linear Load Varaua Dcflccclot. 

• Friction Damping 151 to 20R 


4.3. 9.3 Solid Hire Hallcal Snrtni 
Load Versus Oaflectlon 
• thpsceracic Damping 0.5X 
•Requires Additional Damping 


4.3. 9.4 Gas Pilled Bellows 
•Linear Load Versup Oeflaeciem 
aVlaeoua Oamplng lOR 








M Mj X 


Table 4-9. Four Point Suspension - Gas Filled Bellows 


AXIS 


SPACING 

m 

TRANSLATIONAL 

natural 

FREQUENCY 

Hz 

rotational 

NATURAL 

FREQUENCY 

Hz 

AXIAL 

SPRING CONSTANT 
N/m 

TRANSLATIONAL 

DAMPING 

RATIO 

4C/C 

c 

s, uamping uon 

ROTATIONAL 

DAMPING 

RATIO 

C /C 
r rc 

stants 

AXIAL 

DAMPING 

CONSTANT 

N-sec/m 

3.66 

2.28 

0.00 

— 

0.08 

0.08 

0.06 



0.10 

0.06 

0.10 

719 

719 

404 

. 

0.08 

0.08 

0.06 

0.10 

0.06 

0.10 

229 

229 

129 







C=2lui 
rc r 


for rotation. The system damping constants are; 


for X translation. 


for Y translation and 


4C »2mu) 

X X 


4C ■2mo) 

y y 


4C »2mci) 
z z 


for Z translation. Because rotational damping is a function of 
spacxng and translational damping two conditions exist. 

From X axis rotation: 

C -21 0) 
rx XX rx 

C »4L^C 
rx y^z 

From Y axis rotation: 

‘^ry“2Iyy“ry 

C -4L^C 
ry X z 

From Z axis rotation: 

C -21 oj 
rz zz rz 

C »4L^C +4L^C 
rz X y ^y^x 


The damping data listed in table 4-9 la «« v - ^ ^ 

damping ratios Th+n i. 4 , , ^ and Z axes equal 
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bellows ^is^sLv ^ ' ^L^tlgure^^^ t of the gas filled 

calculations are in the Amo facilitate the design, the 

various equations and constlntrare^deflMd^r^hl “*® 

Physical Sire of the hallows is e^rilTc^^^ertef t^: t^f^^ri^ 

a fun^'lon'^rthe gL'and^the^J^l'’^?? constant as 

iunction of the gaf florthr^^ra^^Lli^r^ TruLtT'^^ “ 

The required damping force of a single bellows Isolator is: 

F-Cx 

and is equal to the resisting force of the gas: 

F»AgAP 

where : 


F s the force Clb) 

C « the damping constant (Ib-sec/in) 

X ~ the velocity of the bellows motion (In/sec) 

Ag « the effective area of the bellows (In^) 

AP - the change in the gas pressure (lb/in^> 
orifice equation of laminar gas flow through a circular 

32|iJl 

where: 


V * the gas flow rate (In/sec) 

D “ the orifice diameter (in) 

AP * the pressure drop across orifice (Ib/ln^) 

M - viscosity of the gas (3.33x10-’ Ik-sec/in^ for air) 
^ * the orifice length 



.•fvirT* 


motloSMr ‘he velocity of the bellows 


A.- 22_ 

D 4 


where : 


Ajj = the orifice area (In^) 

Combining these equations yields a u e. 

constant and orifice: ^ relation between the damping 

128 y£A^ 


da»ping“Le°;e“L"! »e chosen for various 

beiiowfve!:"tris"deSr^":d%^ thf tw^ 

F-CxsAgAP 


AP»^ X 

dlsturbances!^^^tUn m«lon*^dl^°*h ''^lious pallet/orblter 

velocities of a^roxji^telf SrJncb" bellows 

spike. Gravity gr™rsLd?L ?na? «««"«> f°r a single 
approximately .09 inches per second'*^*^?'^^ bellows velocities of 
not available at this time bu< ^h^s * ^^erlment disturbances are 
can be expected to also “ J^n velocities 

of .10 inches per second Therefore the bellows velocity 

equation for alr'sp%“„TcltanL“Ll " "be general 
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where : 



K « the spring constant 

Y = the specific heat constant of gas (1.4 for air) 
P * the pressure 

A = the effective area 

V = the volume 

For the gas filled bellows the gas spring constant Is: 

K„ ■ 

^ V +v 

where: 

Pq “ the Initial pressure (Ib/in^) 

^A " fixed volume A (In^) 

^3 ' initial bellows volume B (In^) 

The pressure volume relations are: 

AP*P -p 
o X 


and: 


AP- 


V +V 
A ’'b 


The gas spring constant as n function of bellnua 
and pressure change is: oeAiows displacemei 


YA^APCV^4>V^^) 


x(V^+Vb> 




I 

f 

1 

1 

! 

? 


1 

t 






placement volume xA^ so that/^ ^ chosen large compared to the dls- 


V^B~^ 

~ 17 J.T7 


V’b 


Therefore; 


and 


AP 




AP- ^ X 

YAj * 

displaceme^ranrvelocity^“ Slnc^fh^f as functions of bellows 
can be achieved by elthe^ thf ^»a= the total spring rate required 
able Isolator conLguratLn cafL ! 

maxlmum pressure change from the a hy determining the 

and sizing the garsnflnf velocity requirements 

pressure fondufons! ® resulting Initial 

Corporation ''litMature^^refereLe ™ Servometer 

The spring rate of the metal h<>n™.Te. ^ u ^ 
resistance due to bending of the convolution wall^“" 


K^« A.3E(0I>flD^r’ 
(0D-ID-t)\ 


where: 


Kg - the spring rate of the whole bellows (Ib/ln) 

E » Young *8 modulus of elasticity 23 i 

posited nickel 35x10 for electrode- 

OD = bellows outside diameter (in) 

ID - bellows Inside diameter (In) 








1 




t * bellows wall thickness Cin) 

N = number of active convolutions 
The stroke rating In tension Is: 

S= 7. 5x10"^ (0D~ID-.t ) 
t 

where: 


S . maximum permissible stroke for the bellows (in) 
The effective area Is: 

Aj- ^ (0I>fID)2 

The pressure rating Is: 

P - l»25xl0^t^ 

^ (OD-ID-t)^ 

where Is the nominal pressure rating (Ib/ln^), 


Summary data for the X and 
4-10 Is listed In table 4-10, 
as follows. 


Y axes bellows shown In figure 
The pertinent design features are 


For damping, A-1.00 in. and: 

128uilAf lA 

°*(~ C ) -.0191 in 

The pressure change for damping Is! 


AP- 


C • 0 

^ x«.12 Ib/ln'^ 


The bellows volume Is : 


The volume A is sized to give: 

V^-11.10 In^ 


i 

\ 

I 
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Table 4-10. Bellows Design Features 


FEATURES 

X AND Y AXES 

2 AXIS 

Outside Diameter 

1.50 in 

1.50 in 

Inside Diameter 

.90 in 

.90 in 

Convolution Thickness 

. 0044 in 

.0037 in 

Convolution Pitch 

.15 in 

• 15 in 

Number of Convolutions 

47 

47 

Effective Bellows Area 

1.13 In^ 

1.13 in^ 

Bellows Volume 

9.04 in^ 

9,04 in^ 

Fixed Volume 

11.10 in^ 

11.10 In^ 

Orifice Diameter 

.019 in 

.022 in 

Orifice Length 

1.00 in 

1.00 in 

Bellows Pressure Rating 

68.22 Ib/ln^ 

48.13 Ib/ln^ 

Initial (Fill) Pressure 

21.51 Ib/in^ 

12.55 Ib/in^ 

Maximum Pressure 

22,79 Ib/in^ 

13.30 Ib/in^ 

Bellows and Gas Weight 

1.20 lb 

1.01 lb 

Free Length of Bellows 

7.05 in 

7.05 in 

Maximum Stroke 

2,84 in 

3,39 in 

Spring Constant 

4.11 Ib/in 

2,31 Ib/in 

Damping Constant 

1.31 Ib-sec/in 

.74 lb“sec/in 
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The Initial pressure Is 




•21.51 lb/ln‘ 


The gas spring rate is: 


Ap 

*1.90 Ib/ln 


The bellows spring rate required is: 


Kj-K-Kg-a.ai Ib/ln 


of the bellows wall t'h'i/'imAca t 

convolutions yields the bellows sprlS^ rate: 


4.3£C0IH-lD)t- 


V ^ ^ -2-24 Ib/ln 

(OD-lD-t)-’H 


where : 


t - .0044 in. 


N « 47 


The bellows stroke .. itlng is: 


s- 7.5»10~^fOD-in-t)2M 

t ^ • o*» in 


The length of the convolutions is: 


L-N(pltch)-7.05 in 


where the pitch is .15 inch. 


The pressure rating is: 


n _ 1.23x10 t^ «> 

r 2 Ib/in^ 

(OD-ID-t) 


The maximum pressure expected would occur at x-1.0 Inch. 
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-22.79 Ib/ln^ 


The temperature effect on the pressure Is: 

T 

o k 


where : 


« 68®F-528’R 
’^max " i 60 *F- 620 “R 
’^mln ’ “70‘>P*3900R 
k * 1.4 


^max ”t Vgfi "22*52 Ib/ln^ 

if-) 

max 


and: 


^min 7286 Ib/ln' 


min 

The weight of just the gas filled bellows is: 


irtdN 


2n “(IIH-t) -Hi((,75)(OD)+ID)] 


where : 

d - .321 Ib/in (the specific weight of nickel) 

” * *^^ ^** pitch of the convolutions) 

W » 1.20 lb 


lows: peitinent design features are as fo 



j 


1 

1 








For damping, Ji-l.oO in and: 

l28\iiA^ 1/4 

^ --0220 in 

The pressure change for damping is: 


AP- 


^ x-,07 Ib/in 


2 


The bellows volume is: 


in^ 

The volume A is sized to give: 

V^«11.10 In^ 

The initial pressure is: 


P - 

o 




-12.55 Ib/in^ 


The gas spring rate is: 


ap 

-1.11 Ib/in 


The bellows spring rate required is: 


u 


2i“L“: ;l:s .r ■ 


where : 
t 
N 


V 


4.3E(0IM-ID)t^ 

(OD-ID-t)^N 


-1.22 


Ib/in 


.0037 in. 
47 





I 

j 


1 


i 

i 

I 

! 


! 

i 


I 


j 

i 

! 

i 
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The bellows stroke rating is: 


S= ?-5xlO~^Con-Tn-.-\^ 

^ *3*39 ills 


The lengtii of the convolutions is; 


L*N(pltch)«7.05 in. 


where the pitch is .15 inch. 
The pressure rating is: 


P «. l»25xlQ^t^ , 
r 2 Ib/ln^ 

(OD-ID-t) ^ 


The maximum pressure expected would occur at N-1.0 inch. 


P -!al!A!V 2 

max (V^+Vg“xAg) ■^3*30 Ib/ln^ 


The temperature effect on the pressure Is! 


^max ~T .286 "^3.07 Ib/ln^ 

C~) 

max 


~ 7286 Ib/ln^ 


min 


The weight of just the gas filled bellow is; 


tT_ » tdh . ^ 2 . 2 

W 2n “(II><'t)^+n((.75)(OD)+ID)] 


W»1.01 lb 
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because the Ind fittings^'Ln^be^des^ included at this time 

tlon configuration. deslgn&d to meet a final Installs- 


orblter stretches or preloadsThe^ls^?^?^® between the pallet and 
on an installed length 1 25 Inches ‘design w^s based 
length. This assurfrilileL resn® free 

the suspension system to float within earacterl sties plus allows 
pxus or „i„us li deflections of 

can be Pcecoinpressed’^L*reducreL^free"lenath'^*'*h*’*^^°"® length 
on performance. " ^ length; there is no effect 


^nspenslon Astern Evaluaf-ff.» 

is assumed to be offset ^f^^the^t^^ Sensitivit y^ -* The center of mass 
four point suspension as s^w^'^ln^^agurrA-ir 

to occur from tolerances associated w^^h -in offset Is assumed 

system to the pallet or from dlfferen*- r. the suspension 

offset will result In LuolLf f^ . P^y^oad arrangements. Any 
equations of motion are; ^ ^ ^ various modes of response. The 


ZF 

X 

x(-mu)^+4K )-0 4K z+6 4K Y*F» 
* y X z X X 

ZF 

y 

y(-moj +4K )+e 4K 7-9 4^ x-0 
j * y Z y 

ZF 

z 

z(-mo)^+4K )+e 4K X-6 4K Y-0 
* y z X z 

ZM 

X 

-9^4KyXZ-0^4K^XY+y4K^Z-z4K^Y*O 

ZM 

y 

^ X 


-e^4K^XY-0^4K^YZ-x4K Z+z4K X-0 

X 2 

zm 

z 

6^(-I^(«2+4KyL2+4K^L2+4K^Y2+4KyxS 


“9y4K^YZ-e 4K XZ-y4K X-hc4K Y»0 

— jr y X 
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let tine effects are investigated one axis at a time. By 

wltf ? rotftJ^n ‘coupling of Z translation 

To rotation and Y translation with Z rotation. Solution of the 

persecoLf yieids^ ^ 

to^- ( . 303+, 012X^)o)^+. 023-0 
For Z translation with Y rotation and: 

u - ( . 656+. 021X^)u^+. 103-0 
For Y translation with Z rotation. 

set x’^ln plotted as a function of the off- 

tlon ana 4-12. The natural frequencies for X axis transla- 

tion and rotation remain uneffected. 

lan X-2-0, the Y axis offset yields coupling of X trana- 

of*^the eo'^''tf 2 translation with X rotatlol Solution 

r1dL1s^“‘st:„d°! S; ^ 

u -(.656+.021Y^)u^+.103-0 
For X translation with Z rotation and: 

0) - ( . 542+. 076Y^)(U^+. 058-0 

nl’ntf X rotation. The natural frequencies are 

plotted as a function of the offset Y in fiaure 4-n i 

frequencies for Y axis translation and rotation remain uneffected^ 
latlonXuStf Y “a:sl1tL1 

0)^- ( . 419+. 021Z^) u^+. 041-0 


For X translation with Y rotation and: 


u'*- ( . 657+. 135Z^)0)^+. 103-0 

!?ott f with X rotation. The natural frequencies are 
plotted as a function of the offset Z in figure 4-14 Th<i na»- i 
frequencies for Z axis translation and roLlL" re^i„ 2lfTcZt 
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I X translation with z rotation 

I 656+. 021Y^)o)^+. 103-0 








Center of mass offsets of: 


75 111 
Y“±.75 m 
Z«+.50 m 

n:ted'coupJinrmodfs?““““" 

effects of combined axes offsets can also be Invastl- 
However, the changes in natural frequencies can be expected 
the B ° ^ small, with the additional coupling modes. Therefore 
-ff„ “ os“ accommodate reasonable center of mass 

offsets without additional redesign for various payload llrZH 

constenf=^!l^ Constant Sensitivity - Variations in spring 

onstants can occur from manufacturing tolerances of the bellows^ 
and loss of the gas from the assembled bellows. Investigation of 
spring constant sensitivity includes four cases: 

1. The assembly spring constant varies +10 percent. 

2. The bellows spring constant varies +10 percent. 

3. Total loss of gas pressure. 

4. Loss of gas pressure in one corner. 

For this investigation the center of mass is assumed to be in its 
UsLd^°L“t:ble^!n.“"^^’^ ^®ta“is 

with thf f assembly spring constants are varied +10 percent 

with the four spring constants per axis remaining equal. “ 

with fhl 5**® bellows spring constants are varied +10 percent 

with the four spring constants per axle remaining equal. ~ 

the n!mLarL?i’ and only 
tt ^“is is Clearly 

and only the n^nal Jellowf fprinrconsLnL“of thrcorner“arr^“ 
effective. The effects of coupling are neglected' 
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Table 4-llo Spring Constant Sensitivity 



X 

y 

Z 

Nominal Natural 
Tranalaeional 

Frequency, Hz 

.081 

.081 

.061 

Nominal Natural 
Rotational 
Frequency, Hz 

.100 

.063 

.100 

Nominal Bellows 
Spring Constant, 
N/ra 

387 

387 

210 

Nominal Gas 
Spring Constant, 
N/n 

332 

332 

194 

Nominal Assembly 
Spring Constant, 
N/m 

719 

719 

404 


Cm»9 I HhlOt VirUtton In Asaenbly Spring Conatant 





+10X 

1 1 



X 

Y 

Z 

X 

Y 

Z 

Spring Conatant, 

N/ui 

791 

791 

444 

647 

647 

364 

Translational 
Frequency, Hz 

.085 

.085 

.064 

,077 

.077 

.058 

Rotational 
Frequency, Hz 

.105 

.066 

.105 

.095 

.060 

.095 


Caae J toaa of Gaa Preaaure 



X 

Y 

Z 

Spring Constant, tt/m 

387 

387 

210 

Translational 
Frequency, Hz 

.059 

.059 

.044 

Rotational 
Frequency, Hz 

.073 

.046 

.072 


In Ballova Opring Conatant 




+10Z 

n -lox 1 



KH 

Z 

X 

Y 

Z 


426 

426 

231 

348 

348 

189 


758 

758 

425 

680 

680 

383 


.083 

.083 

.063 

.0/9 

.079 

.059 


.103 

.065 

.103 

.097 

.061 

.097 


^ Loaa of Gaa Praaaure In 
One Corner 



" 

X 

Y 

z 

Syatem Spring 
Constant, H/m 

2,544 

2,544 

1,422 

Translational 
Frequency, Hz 

.076 

.076 

.057 

Rotational 
Frequency, Hz 

.094 

.059 

.094 

































in natuL^^re^"u^":^varL'tlo:s^^ tolerances resulting 

seats a realistic fLI'f ^odrre^LJnrin 

less than 10 percent. suiting in natural frequency changes 

tion of';he'da. gcgns'::nt“:d'L ~ P«f°»«nce is a func- 

orifice. The dLpLg co^stLrL a 

and hole dlameterrtte ^^ 0 ^^= f '=''® l®"8th 

disturbances. system 

than the required gas orLsurp a,. pressure is greater 

change. ® ^ ^ °P» damping performance will not 

Reasonable orifice length and hole diameter tolerances are: 
Length + .010 Inch 

+ .0000 

Hole Diameter inch 

- .0006 

Using the damping constant equation of section 4.3,11.2: 

128 pJlA^ 

ttD^ 


the tolerance effect can be determlnpH a ^ ^ 

as functions of tolerances is li^d in table 4-12!°' ratios 

turban;f;'Lp\s^ M^e^floIdina ““ 

motion between thHalLt and ® k?^ relative 

Clearance betweerth-^lTer^^^^^^^^^^ 

re» -sPension s.s- 


TL 


(to )^I 
r yy 



Table 4-12. Damping Sensitivity 




X 

Y 

Z 


Nominal 
Translational 
Damping Ratio 
4C/C 

c 

.081 

<081 

.061 


Nominal 
Rotational 
Damping Ratio 

c /c 

r rc 

.100 

.063 

.100 


Maximum 

Translational 

Damping Ratio 

4C /C 
max c 

.092 

.092 

.069 


Maximum 
Rotational 
Damping Ratio 

c /c 

rmax rc 

.112 

.070 

.112 


Minimum 

Translational 

Damping Ratio 

4C /C 
rain c 

.080 

.080 

.060 


Minimum 
Translational 
Damping Ratio 
c . /C 

rmin rc | 

.099 

.062 

.099 


i 


I 

I 

i 
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where* : 



Z =» excursion 

T == applied gravity gradient torque 

\ - distance from pallet center of mass to the suspension 
system 


n tural rotational frequency 

^yy pallet moment of inertia 

For gravity gradient torque of 10 N-m: 

ilP )X3_.66) 

((27r)(.06))^(138,839) ’ 


Man motion disturbances 
center of mass of: 


Indicate rotation of the orbiter about its 


0“2* 51x10 ^ radians 

Using the relationship: 


Z*L0 


where : 


Z “ excursion 


syster^ suspension 

0 = rotational deflection of the orbiter 
Z - (5.32)(2.51 x 10“^)».134 cm 


The total excursion 
clearance. 


.32 cm is significantly below the 2.54 cm 
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Each bellows is seamless and end fittings are welded to the bellows. 
Operating gas pressures are low compared to the rated gas pressures. 
As investigated in section 4.3.12.2, loss of the gas from a single 
bellows does not create a mission abort mode. 


4.3.12.6 Weight and Volume - The configuration of figure 8-2 
is used for weight and volume estimates. 

The weight of the bellows portion of the suspension system was 
calculated in section 4.3.12.2. The bellows end fittings are corro- 
sion resistant steel. The interface structure Is made from aluminum. 

The volume required Is based on a cube. 

The weight and volume data is listed in table 4-13. 

4.3.12.7 Cost - The configuration of figure 8-2 is used for 
cost assessment. The cost assessment of the total suspension system 
can be divided into three categories ; 

4.3.12.7.1 Bellows Assembly 

4.3.12.7.2 Interface Structure 

4 . 3 o 12 . 7 , 3 Installation 

4.3.12.7.1 Bellows Assembly - The design approach to a bellows 

assembly will yield low development costs due in part to the manu- 
facturing process: **electrodeposited bellows are manufactured by 

forming a mandrel to the shape of the inside of the bellows, de- 
positing the proper thickness of spring quality metal onto this, 
trimlng the ends and dissolving out the mandrel,” The end fittings 
are machined from bar or plate stock and can be designed for stan- 
dardization or custom made for unique considerations, Heli-arc or 
electron beam welding process can be used to join the end fittings 
to the bellows. Development testing of a single assembly is based 
on axial (tension) load versus deflection tests which can be accom- 
plished on existing tension loading machines. 

4.3.12.7.2 Interf ace Structure - The bellows to orblter fittings 
can be machined from aluminum plate and designed to attach to existing 
orblter retention side beams. The bellows to pallet structure is de- 
signed for stiffness and protection of the bellows; manufacturing is 
of the low cost formed aluminum sheet fabrication. 
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u 1 *. Installation - The bellows to orblter flttlne •*« 

of tfr a «‘«"tlon Side beams with a minL™ quant Uv 

f bello„s/pallet““"“L^e 

stiffness. If the slSf panelf “funsti^fnT"! ? 

fcLff I7^r Pallef “-es “Teffl^d 

Actual attachment can be accomplished with threaded fasteners.* 


4*4 Conc^ 


gas fllled-TSlK^elrlf afhifvef tL^dff^ f®"?” 

Is^df damping ratios In all LS? ^Whllf’thf fyftef 

, several other forms of viscous damping can be developed. 

flex ^th"thf“”f ►?”'* phases the suspension system will 

flex with the relative motion between the pallet and orblter/ 

...n™ .‘S" '•■»• 

hardware, the system cost will be low. of-the~art 
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5. 


PALLET RETENTION SYSTEM 


points arriocated o^JS 1*° the problan. Two retention 

of the pallertrLart longerons near the aft end 

Two rLena^n potetfLf 

the forward end of th^Ln^f ► *‘® longerons near 

A ^ ^ ?: pallet to react up and down pitching loads 

A fifth retention point on the lower H^tcnxng ioads. 

acts siHo muj xower centerline of the cargo bav re- 


5.2 Summary - Retention 
eluded the following: 


system modifications 


investigated In- 


5.3.2 Release at the orbiter trunnions 

5.3.3 Splitting the mounting shaft 

5.3.4 Movable mounting shaft 


the orbiter^ls\n^orbit^^ float on the suspension system once^ 
selected as the configuration mounting shaft arrangement was 


5.3 Discussion 


descemi. Once in orbit the rB^en^'l hlter during launch and 

allow the pallet tfflLt en Bf ®" '’® diBengaged to 

of the mission the rftentl^ systSI''shau‘’L“r‘“'a 

pallet for descent The engaged to support the 

to the existing Pailet/orbiter Intlrf"^ 
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the Orblter Trunnions - This approach would 

Zt IL^T r leaving the pallet mounting shafts 

unci.anged. Orblter hinged trurilons would be motor driven to allow 
opening and closing of the trunnions in orbit. A separate ejector 
or positioning mechanism would be required to allow the pallet to 
float on the suspension system with adequate clearances. This sys- 
tem would probably be an adaption of the system used for ejeccinc 
other large payloads into orbit. Therefore this system is identi- 
fied as a possible solution without additional xnvestigatlon. 

^•3.3 Splitting the Mounting Shaft 

5. 3. 3.1 Centerli ne Tension Member - This approach modifies 
the mounting shaft. The configuration as shown in figure 5-1 is 
flgurrs!^ position. The unlocked position is shown in 

The tension member holds the orbiter shaft and the pallet shaft 
together at the cone and socket interface. Separation is achieved 
by extending the tension member thus pushing the orblter shaft 
outward. Partial retraction of the tension member completes the 

requirement. The tension member is also caged in- 
orbiter shaft. Complete retraction of the tension member 
locks the shafts together for descent. 

system shows the tension member to be critical 
to the load reaction path from the pallet to the orblter, thus 
settling, relaxing or misalignment become major problems. Also the 
cone-socket interface is large compared to the bore of the orblter 

req^rements!^ clearance 

5. 3. 3. 2 External Latches - An attempt was made to configure 
Dins “t^izlng external latches. The high reaction loaos 

plus the complexity of clamps, actuators and separation/caging 
mechanisms required Indicated that this approach is not feasible. 

^°^able Mounting Shaft - This approach is based cn moving 
the mounting shaft inside the pallet fitting. The cargo bay main 

t?orr" the mounting shaft in the extended posi- 

tion is shown in figure 5-3. The retracted position is shown in fig- 

**•« “ountlng shaft is sized for a free running fit 
trunnion, this feature is Incorporated in the pallet 
the mounting shaft is maintained through 
positive friction device such as a set screw in the pallet fitting 
plus the lead screw/ nut combination. 
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TENSION ^^EMBER 


1 


ORBITER TRUNNION 



ORB ITER SHAFT 


ORBITER 

LONGERON 


Figure 5-2. 


Unlocked Pocition 




PALf.rr FITTING 


FLOAT REQUIREMENT 






'■cZy^' 










SET 

SCREV/ 




1 

8 




free running 

FIT 


orbiter trunnion 


FREE RUNNING FIT 


MOUNTING SHAFI 


orbiter->uin 

LONGERON 





Figure 5-J, Cargo Bay Main Longeron Retention Point 
Mounting Shaft Extended Position 



Figure 5-4. Cargo Bay Main Longeron Retention Point - 
Mounting Shaft Retracted Position 


Retraction of the mounting shaft is accomplished by turning the 
lead screw with an actuator. As shown In figure 5-4 the lead screw 
tip remains inside the orbiter trunnion thus caging Is achieved. 

r of the mounting shaft is dependent upon engagement 

°>,j ^ orbiter trunnion. Since the engagement sequence occurs in 
of will be from radial misalignment and the tendency 

of the orbiter trunnion spherical bushing to rotate. Forces necesLrv 

to I’lnrr? ”i®oli8"“ont can be expected to be small compared 

aunch loads. The rotational misalignment of the spherical bush- 
ing is overcome by the configuration of the mounting shaft tip. A 
typical engagement sequence is shown in figure 5-5. Maximum radial 
misalignment (caging) is controlled by the size of the lead screw tip 
anc is not necessary for engagement. Maximum rotation of the spherical 
bushing is controlled by the outer race of the trunnion. Positlori 

thrshaf“inL‘'thrr M Extension of 

»» bushing continues along A and contact B is made 

as shown in position II. Contact at B causes the bushing to rotate 

until contact at C is made as shown in position III. The shaft lead 

garr^^he"^ w? this position to assure a 

g P . The spherical bushing is now centered about the shaft allow- 

ng further shaft extension as shown in position IV. The engagement 
sequence is completed when Che shaft actuates a limit switch to stop 
tne lead screw drive motor, 

teerltv^orth^?® mechanism is not critical to Che in- 

grlty of the load reaction path from the pallet fitting through 
the mounting shaft into the orbiter trunnion. However, the lead 

shlf^ to prevent the tendency to move the mounting 

shaft during launch or descent. ® 

This arrangement would necessitate a new pallet fitting to 
house the mounting shaft and drive mechanism. However, since this 
system can be used for captive pallet missions as well as the 
oa ed pallet missions, a natural conclusion would be to incor- 
porate the system on all pallet common modules. 

The weight increase of this system over the existing system 
is estimated at 20 kg, based on the drive mechanism at 1 kg^and 
the movable mounting shaft at 3 kg per retention point. 

Conclusion - The movable mounting shaft arrangement main- 

rele!«! Integrity of the retention system plus allows simple 

release and engagement in orbit. Incorporation of the system on all 
common modules provides maximum usability without additional 
modifications for various missions. 
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,MISALIGNMENT 



6. CONTROL MOMENT GYROSCOPE CCMG) INSTALLATION 

stallfMon ^r^h - f section specifically deals with the in- 

paUerstruclu^e" ?he ‘he 

trol system study performed iu vollmTu. "’’® =°"‘ 

gated^iLl!S^m^tlnrtwo^mGs t^rfina^r i“vestl- 

mountina the fm.r ™ro^.„ a single support frame and 

on a swie suZrf^fra^e 1! ^**e four CMGs 

provides the stiffLf ^^ f ‘he arrangement which 

Ld th^pallet' ®““s‘ural interface between the CMG cluster 

6.3 Discussion 

on th^s;speifcIIif^t;e"f^f°“^ 

spenuea pallet with the following considerations: 

a. Minimum structural modifications to the pallet. 
L,u\^^eTof:p\“^^^^^^ ‘h natural 

c.^^mnimurn structural modifications to the CMG attachment fit- 

a;rang:ment%^r"""“°" P^^loacl 

conflg^ratlord^liSs tS^^ountina fl™ 

with dimensions in inches. ® Patterns and locations 

analys;s-of S^^^nf^guratl ::^*^^ iastallation study performs 

6.3.4 Two support frames each containing two CMGs 

6.3.5 One support frame containing four CMGs 

naturS%re"u^\^L'f o^Ip^r»^^‘e^y"^S”L' 

Is common to both configurations thl 4 ^ I 4 Since this objective 

gated In section isolation system Is Invest!- 
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Figure 6-1, Bendix MA-2300 Double Gimbal 


Control Moment Gyroscope 




TK i? dimensioned and built to the American practice of 
attemnt^^ dimensioned and built to the metric unUs? 

S define the CMG in the metri^ 

frinf’™ design and fabrication of the support 

holes and locftioL Particularly the CMG mounting 

Pfl .C_MG Isolation System - The isolation requirements of 

^ nearly identical performance. Therefore a 

»/s‘s =;s.v;ns 

configurations. The design of the adapter fittines irftr»?ohe 
forward and can be copfieured ulH, j==j rttings is straight- 

ma... S mSj 

deslg^i;\af^‘’°fjyr^ With Two CMGs - The approach to the frame 

mounts and the™so!aLf adapter fUtingf" ^^“iator 

the CMG electronics package as show^“ ° ®“PP^“a 

.... ;j,S;.S‘S.rd.=.“ 

..d d2rs‘X:L ."“Sr rs's; ““ 

parameters of pallet hard no^n^ rigure 6-3 shows the design 

the isolator adapter fitttLs The Isolator mounts and 

tronic -Packages? The frame also supports the CMG elec- 
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Figure 6-3. Support Frame With Four CMGs 
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ISOLATOR .\DAPTER 
fitting TTiPlCAL 


•CMG CENTER OF MASS 
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This support frame should be located nn a n *. 

erances associated with lolm'no r»aii ^ ^ pallet. The tol— 

integration problems of locatiL^thl^ segments together would present 
control of tL sus^ndld^pa" e^t*™ gj f = 

attached to two pallet segments. ThereLHLy thrfe Lcati^ of" 

feasible^ ^they^are^shora InstaH 5°^** S“PP°rt frames are considered 
ure 8-4 of seLion ? ?? “e»re 8-1 and fig- 

teners throueh the f’ Pallet attachment is with threaded fas-* 

poinrspher^cal n^ts hard 

CMGs Is^sefecteT^^rh single support frame containing the four 

t "iinL^^L^b-wL^: ^iiir r— 

of the frame is that of conventional truss/fraL des^s. 


6-6 




7. EXPERIMENl' MOUNT AND ERECTION 

7 1 O^Gral — This section specifies the support frames for 
the specified Inside Out Gimbal System (lOG) and an alternative 
classical gimbal system for experiment pointing and defines align- 
ment limits and gimbal motion thresholds for the experiment mount- 
ing system. 


7.2 Summary - Two problems are treated in this section for 
each of the mounting arrangements, the first to detenaine the line 
of sight error due to gimbal and mount inaccuracies, the second 

to determine gimbal motions required to move the line of sight 
vector an arbitrary amount, 

7.3 Experiment Base Mount Installation 

Support Frame - The design of the support frame is that 
of conventional truss/frame designs. The two configurations, as 
shown in figure 7—1, clearly show the design parameters of pallet 
hard point locations, frame height, mount /frame interface. Experi- 
ment launch restraints are not shown since a restraint system would 
be unique to a particular experiment. The restraint system would 
consist of forward and aft supports. The aft support would inter- 
face with the experiment base plate and the frame. The forward sup- 
port would interface with the experiment and the pallet hard points. 

7.3,2 Installation - Frame attachment to the pallet is with 
threaded fasteners through the frame base fittings into tho standard 
hard point spherical nuts. Alignment of the experiment /mount to the 
pallet reference system would require an adjustable interface between 
the mount and the frame; this can be achieved with the use of shims, 

7*^ Mne of Sight Errors Due to Mounting. Misalignments - In 
general the ideal pointing of any instrument can only be approached 
due to various misalignments and inaccuracies jn the mounting system. 
For an instrument with moderate power and resolution this would prob- 
ably cause no difficulty, however, with an increase in magnification, 
the angular field of view decreases and it becones important to ex- 
amine the error in the line of sight due to physical Inaccuracies. 
This would become extremely critical for limiting cases where faint 
objects are to be acquired and examined. In s icn cases the object 
should be near the center of the field of view to avoid vignetting 
and fine adjustments might be required to bring the line of sight 
back to the target point, A limiting line of sight error can be 
loosely defined as no greater than the minimum instrument field of 
view to insure that after gimbal action is commanded, that the target 
object, is in the viewing field and can be brought near the optical 
axis by fine adjustment as required. 
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™..=.n^’^!lf '’’’y®?-'®^ inaccuracies in the systems will be described by 
m ans of small angle transformations between the base and outer sim- 

the inne^sl^h”?®" ®"<^ between 

tne xnner gimbal and the instrument. 


K_ ^ror Propagat ion f or the Ins ide Out Gimbal System CTOGI - 
ItLff system is shown in figure ^-2 with the mounting bLe in a ' 
w^?rL°L "f purposes of this discussion it 

ootL»? r”! *'''! 8^’’®^ ®"8ls state will occur when the 

optical axis is directed out along the pallet Z axis. The "P" (poir'ed) 

coordinate system is fixed in the base plate with the Z^ axis coin- 


ciding wlLh the optical axis, the axis along the ideal inner gim- 
bal axis and the axis completing the triad. The "B" (base) system 

B systems coincide for zero gimbal angles with the Yj^ axis being the 
ideal outer gimbal axis. 


®"^ ® ®*^® ®y®hems is shown in 


fipure 7-2 -r^ j u systems is siiown in 

rigure 7 2, and is defined by an outer gimbal rotation 6 about the Y. 


axis followed by an inner gimbal rotation about the X axis, 
transformations corresponding are: ^ 


The 


About Y, by 0: f T 1= 


About Xp by 


[cos0 

j 

0 

-sin0 

0 

1 

0 

sin0 

L, 

0 

COS0 

1 

0 

0 

0 

COS0 

sin0 

0 - 

sin0 

COS0 


The unit vector along the optical axis in p coordinates is 

,T 


Simply: 


Pp=(0,0.1) 


Transforming to B space this becomes; 

|sin6co84> 


-sItuP 
Lcos6cos4> 


-.2 
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If the coordinates of a target on the celestial sphere are known 
in the base coordinate system, the ideal gimbal angles 0 and (p 
required to direct the instrument can be calculated from the equa< 

tlon for Alternatively, given gimbal angles 0 and <p and an 

ideal gimbal system, the line of sight will be directed along p^. 


In order to evaluate the effect of inaccuracies in the physical 
system, small angle transformations representing the various error 
possibilities will be added to the ideal transformation. Working 
from the base inward to the line of sight, the following transforma- 
txon will be defined. The transformation from the base to the outer 
gimbal pivot space will be: 




1 

-e 


zo 


£ 

ZO 


“£ 

yo 


1 


e 

xo 


£ 

yo 


-£ 

XO 


1 


J 


where the angles and £^^ represent the misalignments in the 

outer gimbal axis and is the error in the zero point of the 

outer gimbal. The transformation for the outer gimbal rotation 
0 remains the same as before and will be designated as; 

The transformation from the outer gimbal to the inner gimbal pivot 
is • 




1 

-£ 


zi 


yi 


£ . -£ . 

zi yi 


"xi 


-£ 


xi 


where represents the nonorthogonality of the inner and outer gim- 
bal axes, £^^ is the error in the zero point of the inner gimbal axis 
and £y^ represents an additional bias on the zero point of the outer 

gimbal. The transformation for the inner gimbal rotation 6 is the 
same as given earlier; 
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The transformation from the inner gimbal to the optical axis is: 




yp 


zp 


~£ 


1 

-e 


yp 


xp 


Xp 


where is the nonorthogonality of the optical and inner gimbal 

axes, is an additional bias on the inner gimbal zero point and 

^zp ^^P^^esents a rotation about the optical axis which will have 

no effect on the line of sight error. The actual unit vector along 
the line of sight expressed in base coordinat€;s after arbitrary gim- 
bal motions 0 and 0 is thus; 


where as before the tx’ansformation with reversed indices represents 
the inverse of the direct transformation. The total error in the 

line of sight can be defined by a vector E=p -*p, , the difference be- 

d D 

tween the actual and desired lines of sight. The total angular error 

E is thus just the * bsolute value of E, Expanding the above equation 
neglecting products of the 

ij 


sin0cos<|)-(E^^+E^^)sin9sin(|)+(£^^+e^^)cos6cos<J)+(£^^sin<j)+£yp)cos0+£^^sin4)" 
! ^^xi^^xp^ cos4>+ (e^^sin0-£^^cos0) cos(|) 

xos0cos<jj- (c^^+G ) cos0sin4)- (e .+£ ) sin0cos(|)- (£ sln(H-e ) .’in0-e sin<p 

r j j Z1 yp 3CO 


Note that expected £ does not appear in p , and further that 

"P a 

the errors in definition of the zero gimbal angles £ ,£ and 

yi yo 

^xi*^\p pairs as would be expected. Defining the total 

zero gimbal angle offsets, using the subscript o for outer and i 
for inner; 
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l1 


c 

c 


=€ +e . 
o yo yi 


=e ,+e 
i xi xp 


The error vector e can then be written as: 


e sind) 
20 ^ 


C^cosdcos<p 




+ 

0 

+ 

0 


-£ sin6 
xo ^ 


-?^sin0cos(J) 


-e^^sin0sin0 



-C^sin0sin0 


£ COS0 

yp 



+ 

-C^cos(f) 

+ 

0 



i 

-C^cosGsincJ) 


-£ sin0 

_ yp 



errors 'Jn Uno^'f" represent respectively the 

ors In Une of sight due to outer gimbal axis misalignment with 

respect to the base m^. outer gimbal zero point error J , outer 

gimbal/inner^gimbal axis nonorthogonality inner gimbal zero 

point error and inner gimbal/optical axis nonorthogonality S . 

due ^®each‘'effeftr^"^ represent the line of sight errL 


V i ”o I ‘ t (^xo'*^L^ sin V(e^^cose-e^^slne) ^cos^cji] 
‘ f (^zo®^"®+®xo‘=°®®^ ^cos^<)>] 


Vl®ol“l^o‘'°®'*’lll^ol 

Vl"ol‘ISiSin^lllSil 

*l=|2ll=l?il 


n 


i 
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The total error E is not so easily bounded, however, since it in- 
vo ves taking the sum of the squares of the components 

of tl.e vector , clearly a difficult task. The worst 

d?rLtlon“!nf i"'*^''idual error vector is in the same 

aMon attains its maximum, clearly an impossible situ- 

abso^utrbounr equations, however, it leads to an 




or. 


/~2 ^ I 

Ue +e + 

V vn ' 


£< \/e“ +e +IC + G j + e 

xo zo * o ' ' zi ' ' ' ' yp 


The pointing^error can be bounded somewhat more closely by noting 
that n^ and cannot attain their maximum simultaneously, in fact: 


"o I + 1 '^"o I ° I I + 1 ^zfSin'^ 


or 


e<\/?' +e^ +v7^+e^ +1^1 + 1 

V xo yo V zi ' i' ' 


yp 


Thus, the pointing error for the lOG can be bounded by the sum of 

to misalignments with “spfct 

to the base, the root-sum-square of the outer glmbal/inner eimbL 

axis nonorthogonality and the outer gimbal aero offset? “einner 
lnality?^'^° glmbal/optlcal axis nonorthog- 


Error Propagation fo r the Classi cal Gimbal System - Fio- 

?i?h tL the clasiTckl gimbal system again 

1 , mounting base in the stowed position. As before the zero 
gimbal angle state will occur when the optical axis and pallet Z 

in th^'^t (P°i"ted) coordinate system is flxL with- 

in the instrument with the Z^ axis directed out along the InstrJ^ent 

line of sight. The axis is the ideal inner gimbal axis and the 
Xp axis completes the triad. The B (base) system is a fixed ref- 
erence system with which the "P" system is aligned for zero eimbal 
angles. The Z^ axis is the ideal outer gimbal axis. ® 


1 
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•.ncl JI;«.!f®“°M‘’®''“‘'^" *’ ®"‘‘ ® ®y®tems is shewn In figure 7-3 

..ncl consists of the outer gimbal rotation a about the Z axis fol- 

lowed by the inner glmbal rotation 3 about the Y axis to direct the 

Zp axis toward the desired target point. The corresponding trans- 
formations are thusi 


About by a; 


cosa sina 0 
cosa 0 


About by 0: 


r T 1> 


TcosB 0 -sln3 


sin $ 0 COS0 


The unit vector along the line of sight of the instrument will 
be designated as p with the component in P coordinates simply: 


In the base space. 


Pp=(0,0,l) 




where the transformation with reversed indices indicate*? the 
(transpose) of the direct transformation. ^pliciUy: 

cosasinB 

sinasinB 

cos3 

sphere arr^o™^L°fh^ desired pointing target on the celestial 

a and 8 reaSr!^ t system, the gimbal angles 

Air qulred to point the Instrument can readily be calculated 

Alternatively given glmbal angles a and 6. the instrument line of 

sight will be directed along the vector p, in the ideal case. 


Figure 7—3, Relation of the Ideal Point 
to the Base Coordinates For 
Gi.iibal Arrangement 
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The physical inaccuracies in the system will be described by 
means of small angle transformations between the base and outer gira- 
hal pivot, between the outer gimbal and ir.ner gimbal pivot and he- 
wocMi the inner gimbal and the Instrument. Working from the base 
inward to the line of sight, the transformation frL the base to the 
outer gimbal pivot space will be; 


r T 1- 

^0 B-* 


1 

-G 

zo 

■ e 

- yo 


zo 


1 

-e 


xo 


-e 


yo 


xo 


where the angles e and G 

xo yo 


represent the misalignments in the outer 
is the error In the zero point f the outer gimbal 

rota . ion a remains the same as 

before and will be designated as: 


gimbal axis and G 




cosa sina 0 j 

-sina cosa 0 f 

j 

0 0 ij 

The transformation from the outer gimbal to the Inner gimbal pivot is: 

1 




zi 


-e 


-G 


zi 


yi 


'xi 


L ^yi ^^xi 


where represents the nonorthogonality of the inner and outer gim- 

bal axes, is the error in the zero point of the inner gimbal axis 
and represents an additional bias on the zero point of the outer 
gimbal. The transformation for the inner gimbal rotation 3 remains: 


fjiTiJ- 


cos3 

0 


~sin3^ 
0 


Lsin3 0 cos 3 


7’-ll 




Thf transformation from the inner gimbal to the instrument is: 


[pTi,J= 


1 

-G 


zp 


~G 


yp 


'zp 


L yp 


1 

-e 


xp 


xp 


where is the nonorthogonality of the optical and inner gimbal 
^yp additional bias on the inner gimbal zero point and 

represents a rotation about the optical axis which will have no 


zp 


effect on the line of sight error. The actual unit vector along the 
line of sight expressed in base coordinates after arbitrary eimbal 
motions a and 0 is thus: 




where as before the transformation with reversed indices represents 
tne inverse of the direct transformation. The total error in the 

line of sight can be defined by a vector ^=p 3 ~P^» the difference be- 
tween the actual and desired lines of sight. The total angular error 


G is thus just the absolute value of G. 
neglecting products of the e : 

ij 


Expanding the above equation 



cosasin3+(G^^+c^^) cosacos3- sinasin3+(e^^cos0+G^p) sina+G^^cos3 

sinaslne+(ey^+eyp)slnacos6+(e^^+e^j^)cosasine-(e^^cos6+e )cosa-e^^cosS 

cos3-(g +G )sin3+(e^ sina-G cosa)sin3 
yi yp xo yo 


Note that as expected G^^ does not appear in and further that the 

zero point errors ^yi»Eyp and ^^^o’^zi °^ly pairs, thus de- 

fine; 


C =e +G . 
o zo zi 


C.-e .+G 

i yi yp 
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where is the total zero point ei -or in the outer gimbal and ? 
is that for the inner gimbal. Thus, ^ 


p =p, + 
a b 


rn“Lrof“ight^^r?o°oute^Sal 

-► giiabai axis misalignment with respect to 

the base m^, outer gimbal zero point error t 

o 


^ oAxs misaxignment with respect to 

the base outer gi„bal zero point error outer gin-bal/inner gis.- 

axis nonorthogonality n^, inner gimbal zero point error ^ and 
xnner gimbal/ optical axis nonorthogonality The magnitudes of 
these vectors represent the Une of sight error due to each effect: 


“o l“o I “ t (^yo'*‘^XO^ ^XO®^"“"^yo‘=°®“^ ^Sln^ 3 ] 


\/e‘ +e' 

' xo yo 


2 .^2 




Vl"ol = |e^iCosS|<|E^^ 


vl"il=l^l 


n « n ( = |e: 
i i ' ' xp 


tahing^t;e%"°t^ “ i-olves 

^ ^ squares of the components of the vec- 

r E:=m^+t^+n^+z^-h.^. clearly a difficult task. The worst case con- 

ceivable is that each individual error vector is in 

vector is in the same direction 


' 1 

J 


e: cos3 

yo 


-C slnpslna* 
o 


^jjlCosBaina" 


-e sln3 
xo 

+ 

C sin3cosa 
o 

+ 

^cosBcosa 




0 


0 





- j 



- 

! 



-1 

?.cosacos3 


e sinot 

] 

! 

i 



X 


xp 

1 


+ 

C.slnacos3 

+ 

-e cosa 




X 


xp 




“C.sinB 
i J 


0 



7-13 






pxLina?ion‘o^"^h“® "^i""®* <=learly an impossible situation upon 
boundr equations, however, it leads to an absolute 


c<|m^! + |t^| + |n^| + |z^| + |S^ 


or, 




The pointing error can, however, be bounded somewhat more 
closely by noting that n^ and cannot attain their maxima 
simultaneously, in fact! 


r 2 2 

C -H: . 
o xi 


I % I ■*■ I ^o I “ I ^o® I ■*■ I ^Xi‘'°®® li\A 

Thus, the line of sight error e can be bounded as follows: 
e< 


\/^~^ +\ 4^'-2 


xo+VVSo+^xi+l«ll+l%l 

some the gimbal system iLediately indi^atL'^that 

some fine pointing capability is required to bring thHeslrL t^^ 
get point xnto alignment with the optical axis. Lgardless of th^ 

« l£s 

The gimbal motions required for an arbitrary change in the l-fn« 
sight can be determined quite generally by considering the locL 

of all possible unit vectors making an angle c with an arbitrary 

^ coordinates this locus can be expressed 
in terms of a parameter y which is merely the ccw rotation of t^“ 

vector away from the plane as shown in figure 7-4. In P 

coordinates the general offset vector is thus: 


^op"” 


sine cosy 
sinesiny 
. cose 
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Figure 7-4. Relati 


on of the Initial and Adjusted Lines of Sight 



parameter y can vary from 0 


where the ;ingle i: is specified and 
to 2n. 

Vicli reference to figure 7-4, 
ecopf is the change in the line of 

esiny is that in the direction. 


the 

it is evident that for e small, 

sight in the X direction and 
P 

Defining; 


Then: 


o^p=ecosY 


Oyp^esiny 

/~2 T ~' 

1/ 6^ +6^ =e 
V xp yp 


and the change in the line of sight 
specifying the offsets 6 and 6 

xp yp‘ 


can be alternatively defined by 


gl obal Motions of the lOG - To define the gimbal 

motions 68 and required to move the optical axis '.rom p to p , 

we need to find the gimbal angles 8+66 and <f>+6<l> that will place ?he 

Zp axis along p^. In base coordinates the vector p is: 


cos ( 0 + 60 ) 

A j 

^ob“ ! ® 

j^-sin( 6 + 60 ) 


0 sin (0+66) 

1 0 

0 cos (6+60) 


1 0 
0 cos (<^>+6<f>) 

_0 sin(4>+<5(|)) 


0 


0 

-sin(<l>+<S<f)) 


0 



1 

•• J 


Alternatively, can be expressed in terms of the preexisting glm- 
bal angles 0 and <p and the parameters e and y as: 


A 

COS0 

0 

sin0 


'l 

0 

0 


" ^ 
sinecosy 

Pob= 

0 

1 

0 


0 

COS0 

-sin(;|) 


sines iny 


_-sin0 

0 

cosO 


_0 

sin(|) 

COS(P 


cose 1 


i 

1 
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hquating the two expressions; 
COS0 0 sinOl j”! 0 


0 


0 


0 


-sin6 0 COS0 


} 0 cos<^ -sin0 


L° 


sin(J) cos(f) 


sinecosyl 
sines iny j 
cose I 


COS0 0 sine 


0 


0 


~sin0 0 COS0 


cos60 0 
0 1 


-sin60 0 


sin60 

0 

cos60 


0 


-sin(4>+64>) 

COS 




* 

1 


s inecosy cos 6 b- ( s ines inys in0+cosecos$ ) s ind s' 


0 

a ine s iny c o s(|)— c o s c s in<|) 

B 

-sin('i>+64>) 

sinecosysin 60 +(sinesinysin 0 +cosecos^)cos 60 

■ 

•e- 

«o 

+ 

0) 

0 

o 

1 


for 69 ItlTo 


USG ofThr*^* f general be sufficiently stoall to allow 

^ a:a angle approximations and since in this case bnt-h t*:A 

and &4> will be bounded by e for all (b<Tr/7 r u ^ 

be written as: ^ <P<’n'/2-e, the above equation can 


(" ecosy-60cos4> 


66cos<|> 



0 

a 

“* s in0— 6 CO s <J) 

J 

cos(|)-6({)sin^ 

“ m 


from which the required motions are 


(S(|>=-£sinY 

COSY 


I he deaominator of the expression for 60 approaches 0 as ^ approaches 
{ '■ “top will occur for an angle soj degreer 

css than yi, Llius the above expressions can be considered valid 
or any allowable gimbal angles 0 and (j). The result could Indeed 
have been inferred directly from figure 7-4, 

1 Motions of the Classical System - In a similar de- 

velopment It IS necessary to define the gimbal motions 6a and 60 re- 
quired to move the line of sight from p to for the classical gimbal 

system. We require that the gimbal angles a+6a, 0+60 will place the 
line of sight along the Z axis, or: * ^ P "tii place the 




P 


ob 


cos(a+6a) 

sin(a+6a) 


*sin(a+6a) 
cos (a+6a) 
0 



cos (3+63) 0 sin (3+63) 


■ - 
0 


0 1 0 


0 


_-sln(3+63) 0 cos (3+63) 


-1. 


Equating the two expressions for p^^^ after performing the second 
eniation-^'^™ the first matrix of the preceeding 


cosa -sina 0 


cos3 0 sin3 


sinecosY 

sina cosa 0 


0 10 


sines inY 

1 

O 

O 


-slii3 0 cos 3 


^ cos£ 


cosa -sina 0 


cos6a -sin6a 0 


— ■ 

sin (3+63) 

sina cosa 0 


sin5a cos 6a 0 


0 

L 0 0 1_ 


1 

o 

o 

1 


jcos(3+63)_ 
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I 

I 

1 . 

^ Clearly, the a matrices may be removed (i,e., preraultiply by [jTg]) 

and as might have been expected, the differential motions 6a and 63 
*'* independent of the outer gimbal angle a. Doing this and pre- 

multiplying both sides by the 6a transformation inverses 


(s.inecosYcos3+cos£sin3)cos6a+sin£sinYsin6a' 

■ 

sin (3+63) 

-(sinEcosYcos3+cos£sin3)sin6a+sinesin6cos6a 

= 

0 

-sinecosYsin3+cos£cos3 


_cos(3+63). 


For any arbitrary angle e, this equation may be solved first for 63 
as a function of 3, e and the parameter y using the Z components then 
for 6a using the Y components, and checking with the remaining X compo- 
nents, all by means of standard trigonometric techniques. In addition 
it can be shown from the equation or directly from the geometry of the 
problem that: 


53£e 


sin6a£ for ^>e 


The solutions for 6a and 63 can be greatly simplified by specifying 
£ sufficiently small that sine^stanESse, cose^il. In this case since 
u3^e, sin63s63> cos63~l: 


(sin3+ecosYcos3)cos6a+£sinYsin6a 


sln3+63cos3 

j “ (sin3+GcosYcos3) sin6a+esinYcos6a 

= 

0 

-£cosYsin3+cos3 


_cos3“63sin3j 


Equating the Z components; 


63=ecosy 


Equating the Y components: 

EsinYcos6a-(sin3+ecosYcos3)sin6a=0 


Although 63 is always small when £ is small, 6a can be as large as 
+7F when the inner gimbal angle is less than e, thus additional 
simplification must proceed in stages. First, for 3<e, the small 
angle approximations can be used for 3 and: 
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For 3 greater than or equal e, 6a cannot exceed tt/ 2, thus the principal 
arc-tangent can be used and: 



As 3 increases, the limit on sin6a decreases according, indeed for 
sin3-15e, sin6a^ and sin6a=6a to three significant figures, thus: 


6a* 



3^15e 


Expressing 3 as ke, k>l, da-siny/ (k+cosy) and for k greater than 60, 
siny/k—siny/ (k+cosy) to three significant figures and: 


esiax, g> 60 e 

Finally, as 3 increases to around 4 degrees, the denominator of the 
above equation must be replaced by sin3 in order to maintain three 
significant figure accuracy: 

Conclusions - Support frames are shown for the lOG experi- 
ment mounting system and an alternate classical gimbal experiment 
mounting system. Attachment of base mount to support frame and 
frame to pallet is discussed for both systems. 

Bounds are established for line of sight errors caused by an- 
gular misalignments in the mounting systems. In both cases the 
line of sight error bound is of the following form: 


f 2 2 

e<m +V/Z +n 

o V o o 1 1 

where m^ is the total (two axis) angular misalignment of the gimbal 
base, with respect to the pallet, and are the bias errors of the 
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zero points of the outer and inner gimbals, respectively, and n and 
n^ are the outer gimbal/inner glmbal and inner glmbal/optical a^is 
nonorthogonalities . 

Differential gimbal motions required to move the optical axis 
through small angles 6^^ and 6^^ from an initial pointing dire^lon 

are derived for both mounting arrangements. For the lOG the dif*- 
ferential motions 69 (outer glmbal) and (inner gimbal) are; 


6(|)=-6 
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gimbal) aier^*"^^ motions fia (outer gimbal) and 6B (inner 
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The complexity of the expressions for the classical system arise 
from the gimbal singularity at the 0,0 gimbal angles. The cor- 

In!?! for the lOG occurs for an inner gimbal 

angle of +90 , which is outside Che range of allowable motion. 
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8. PALLET COMMON MODULE CONFIGURATION 

8.1 Lener»-i I ~ Ihis section specifically deals with a pallet 
common module developed from existing pallet segments and modified 
to incorporate those features required for a suspended experiment 
platform. The basic pallet segment is 3 meters in length with a 
U-shaped cross section of typical aeronautical construction. Three 
segments are interconnected forming a pallet. An integral pattern 
of hard points are provided for mounting heavy experiments while 
lighter experiments can be mounted on inner floor panels and side 
wall panels via inserts with self-locking threads. 

8.2 Summary - The pallet common module resulted from the in- 
vestiptions of sections 4, 5, and 6, plus the basic three segment 
pallet. The suspension system, section 4, provides the necessary 
in orbit isolation of the pallet from the orbiter. The retention 
system, section 5, provides the support of the pallet to the or- 
biter during launch and descent. The installation of the control 
moment gyroscopes, section 6, provides the stabilization of the 
suspended pallet to meet the various experiment requirements. The 
pallet common module as shown in figure 8-1 incorporates these sys- 


8.3 Discussion 

8.3.1 Resign Objectives ♦* The pallet common module shall pro- 
vide means of supporting various experiment arrangements. The pal- 
et common module shall incorporate a suspension system capable of 
supporting the pallet during in orbit data acquisition and will 
Isolate the pallet from orbiter vibrational disturbances. The pal- 
let common module shall incorporate a retention system capable of 
supporting the pallet during launch and descent, disengaging in 
^ sllow the pallet to float on the suspension system. The 
p.llet common module shall incorporate a control system capable of 
s..abilizing the pallet to meet the various experiment requirements. 

Suspension System Installation - The suspension system 
installation as shown in figure 8-1 is based on the pas filled bellows 
defined in section 4. Figure 8-2 defines the arrangement of the aft 
left hand location; the three remaining locations have a similar 
arrangement. 

The space between the orbiter side beam and the pallet outer 
panel Is utilized to minimize structural modification. The orbiter 
attachment fitting as shown is a detail, machined from aluminum plate; 
the final design would depend upon the orbiter side beam configura- 
tion. The pallet attachment details are formed aluminum sheet metal 
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channels. These details stiffen the outer panel as required and can 
be configured to span the distance between the pallet frames if re»- 
quired. The bellows support details are formed alumimum sheet metal 
parts sized to provide reasonable stiffness. All assembly and in- 
stallation hardware utilize screws, nutplates/inserts combinations. 

The installation can be controlled with normal tolerances associated 
with this type of construction. 

8.3.3 Retention System Installation - The retention system in- 
stallation as sliown in figure 8—3 is based on the movable mounting 
shaft configuration defined in section 5. Figure 8-3 defines the 
ariangement of the aft right-hand location of the cargo bay main 
longeron retention points and the lou . centerline retention point. 

The pallet f:_c tings, machined parts, are similar to existing 
fittings but require a smooth bore for the movable mounting shafts 
and drive mechanism motor actuator attachments. The various struts 
from the pallet fittings to the pallet structure are either existing 
struts or new shorter struts depending upon final design. All assembly 
and Installation hardware to the pallet utilizes existing attachment 
locations and bolts, nutplates/nuts combinations. 

8*3.4 Control Moment Gyroscope Installation - The CMC installa- 
tion is based on the two support frame configurations defined in sec- 
tion 6. Figure 8-1 shows the two support frames located on the end 
pallets. Figure 8-4 shows the single support frame located on one 
end of the pallet train. Both installations utilize bolts, through 
the frames, engaging existing pallet hard points. Both installations 
show the versatility of integrating the CMGs to the pallet train. 

Final location would depend upon payload integration requirements. 

8.4 Pallet Modifications/ Improvements - The pallet structure 
must be modified to accept the suspension system. Actual modifica- 
tion depends upon the stiffness of the pallet outer panels. If the 
pallet outer panels are of honeycomb construction with adequate attach- 
ments to the pallet framework, modification requirements are merely 
bonding threaded inserts into the panels. If the pallet outer panels 
are aluminum sheet webs, modification requirements are based on 
stiffening the web with the attachment channels spanning the dis- 
tance between pallet frames. As indicated, major modifications are 
not required and can be accomplished with simple tools at the tl.ie 
of installing the suspension system. 

The existing pallet retention fittings can not be modified and 
must be replaced with new fittings. Since the existing fittings are 
probably forgings made from high strength materials replacement expense 
would Involve forging tooling and procurement lend time. Therefore 
a reasonable improvement would be to incorporate the recommended re- 
tention system with movable mounting shafts on all pallets. 
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^pcluslqn - The Installation of the suspension system 
requires simple pallet modifications which can be incorporated 
during payload integration. 

Incorporation of the recommended retention system will result 
in lower program costs, as the retention system with movable mounting t 

shafts can accommodate missions with or without the suspension system. | 

Since the installation of the CMGs utilizes existing pallet hard 1 

points, pallet modifications are not required and payload experiment 
arrangements can be maximized. | 
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